[1] New particle formation (NPF) occurs in various atmospheric environments, and these newly formed particles have the potential to grow to cloud condensation nuclei. But at present it is unclear which chemical species are involved in aerosol nucleation and growth, in part because there are only a limited number of simultaneous measurements of aerosol precursors and aerosol size distributions. Observations of ambient aerosol size distributions, sulfuric acid, and ammonia were made for over a year in Kent, Ohio, a relatively less polluted continental environment. Particle sizes in the diameter range from 3 to 1000 nm were measured continuously through the whole year, while sulfuric acid and ammonia were measured seasonally with two chemical ionization mass spectrometers. Strong NPF events were more frequently found during the spring and fall and less frequently during the summer and winter. The median of measured sulfuric acid was higher in spring (5.2 × 10 6 cm −3
Introduction
[2] Atmospheric aerosols affect human health and global climate, and it is important to understand the processes which influence their number concentrations. Such processes include formation and growth of aerosol particles. New particle formation (NPF) has been observed all over the world under a wide range of atmospheric conditions [Kulmala et al., 2004] and these newly formed particles can grow to cloud condensation nuclei (CCN). However, the nucleation and growth mechanisms are poorly understood and it is even unclear which chemical species are involved in the nucleation processes. This is in part due to the limited number of studies that simultaneously measured aerosol sizes and gasphase precursors such as sulfuric acid (H 2 SO 4 ), ammonia (NH 3 ), and organic compounds. Because nucleation is a nonlinear process and nucleation rates are extremely sensitive to aerosol precursor concentrations [Kerminen and Wexler, 1996; Lee et al., 2003] , it is important to directly measure aerosol precursors in order to correctly predict aerosol formation rates and number concentrations.
[3] H 2 SO 4 is an important aerosol precursor [Ball et al., 1999; Benson et al., 2008; Young et al., 2008; Zhang et al., 2009] , because of its low vapor pressure (e.g., 1.88 × 10 −2 Pa at 25°C [Seinfeld and Pandis, 2006] ) and its unique ability to form clusters in the atmosphere. Previous atmospheric observations of H 2 SO 4 and NH 3 made for NPF studies are summarized in [Weber et al., 1997 [Weber et al., , 1998 [Weber et al., , 1999 . Typical noon time peak [H 2 SO 4 ] in the 10 6 -10 7 cm −3 range was reported at these sites and based on these [H 2 SO 4 ] values, they concluded that their measured particle concentrations are much higher than those predicted from the classical homogeneous nucleation of sulfuric acid. More recent work from the same group, in collaboration with other colleagues, made in Atlanta, GA, Boulder, CO, Tecamac, Mexico, and Macquarie Island, Australia, have focused on the numerical relationship of nucleation rates (J) and [H 2 SO 4 ] [Kuang et al., 2008; McMurry and Eisele, 2005; McMurry et al., 2005] . Longterm measurements of H 2 SO 4 have been made also in Europe, including Hyytiälä [Dal Maso et al., 2005; Fiedler et al., 2005; Sihto et al., 2006] , Heidelberg [Fiedler et al., 2005] and Hohenpeissenberg [Birmili et al., 2000 [Birmili et al., , 2003 Paasonen et al., 2009] . These observations also showed that [H 2 SO 4 ] values typically were at the 10 6 -10 7 cm −3 range at noon, depending on the season. There are also measurements that have shown that [H 2 SO 4 ] can be at the 10 8 cm
range in the polluted environment [Bardouki et al., 2003; Berresheim et al., 2002] . While these studies were mostly ground-based or in the boundary layer, H 2 SO 4 measurements also exist for the free troposphere [Clarke et al., 1998; Weber et al., 1998 ] and for the upper troposphere and lower stratosphere [Lee et al., 2003] .
[4] Atmospheric observations often showed that the observed nucleation rates are much higher than those predicted from the H 2 SO 4 -H 2 O binary homogeneous nucleation (BHN) theory and growth rates (GR) derived from H 2 SO 4 condensation are also much smaller than those derived from the measured aerosol size distributions [Birmili et al., 2003; Dal Maso et al., 2005; Fiedler et al., 2005; Kuang et al., 2008; Kulmala et al., 2004; McMurry et al., 2005; Paasonen et al., 2009; Riipinen et al., 2007; Sihto et al., 2006; Stolzenberg et al., 2005; Weber et al., 1996] . GR is an important parameter which determines whether these newly formed nanometer size particles can effectively grow to cloud condensation nuclei sizes (>40 nm) before they are scavenged by preexisting particles. For most of the time, GR values calculated from the measured [H 2 SO 4 ] were often 1 order of magnitude lower than those derived from measured aerosol sizes, suggesting that condensable species other than H 2 SO 4 may also be involved in aerosol growth.
[5] Among other potential aerosol nucleation precursors, NH 3 has been considered to play an important role via ternary homogeneous nucleation (THN) or multicomponent nucleation process Merikanto et al., 2007; Napari et al., 2002] . NH 3 is ubiquitous and the major gas phase base in the atmosphere. Tropospheric NH 3 mixing ratios ([NH 3 ]) range from several parts per trillion by volume (pptv) up to several hundreds ppbv and sometimes even up to several hundreds ppmv levels [Gilliland et al., 2003; Herndon et al., 2005; Huai et al., 2003; Li et al., 2006; Nowak et al., 2007] , depending on the proximity to emission sources, altitude, and acidity of aerosol particles in the atmosphere. NH 3 can lower the partial pressure of H 2 SO 4 vapor above the solution surface [Scott and Cattell, 1979] and therefore, can enhance nucleation rates of H 2 SO 4 particles, as demonstrated by laboratory observations [Ball et al., 1999; Benson et al., 2009] . Chemical composition studies in Atlanta, GA also revealed that newly formed nanometer particles contain ammonium and sulfate ions . Global aerosol modeling predictions suggest that THN involving NH 3 is the dominant nucleation mechanism in the troposphere and lower stratosphere [Lucas and Akimoto, 2006] ; note, this cited study has also used the earlier version of NH 3 -THN parameterization which overpredicts aerosol nucleation rates. Regional aerosol microphysical modeling studies also showed that NH 3 -THN can be used to explain most nucleation events found in the eastern United States [Gaydos et al., 2005; Jung et al., 2006 Jung et al., , 2008 Stanier et al., 2004] ; these calculations also used NH 3 -THN parameterization . Using an aerosol dynamic model, Kulmala and coworkers have also shown that NH 3 -THN can be used to simulate the production of high concentrations of thermodynamically stable clusters (<3 nm) in certain atmospheric conditions .
[6] Despite the importance and unique role of NH 3 in nucleation, simultaneous observations of NH 3 , H 2 SO 4 and aerosol size distributions are surprisingly scarce (Table 1) , and such a lack of measurements makes it hard to quantify the role of NH 3 in atmospheric nucleation. These kinds of measurements were made in Atlanta, GA McMurry et al., 2005; Nowak et al., 2006] , where both H 2 SO 4 [Eisele and Tanner, 1993] and NH 3 [Nowak et al., 2006] were measured by two CIMSs. The Atlanta measurements highlighted the importance of NH 3 in aerosol formation and growth processes. In other NPF studies involving NH 3 measurements, NH 3 was often detected with techniques that have longer time response (over several hours) compared to CIMS (several seconds). For example, at a study site on Mt. Norikura in Japan NH 3 was measured using an acid-impregnated filter and found no positive correlation between [NH 3 ] and NPF for NH 3 at the sub-ppbv level [Nishita et al., 2008] . Other NH 3 measurements for NPF studies include the Hyytiälä measurements with a refluxing mist chamber [Riipinen et al., 2007] .
[7] Here we show atmospheric observations of aerosol size distributions, H 2 SO 4 and NH 3 made in Kent, Ohio, over a period of one year. Particle measurements were made in the size range from 3 to 1000 nm starting from January 2006 to the present, continuously. H 2 SO 4 and NH 3 were measured with two CIMSs on seasonal basis starting from summer of 2008. To our knowledge, this is the first time that seasonal variation of these two major nucleation precursors has been measured simultaneously, together with aerosol size distributions. We applied the inverse model Particle Growth and Nucleation (PARGAN), which is different from those used in most previous NPF studies, to calculate nucleation rate (J) and growth rate (GR) [Verheggen, 2004; Verheggen and Mozurkewich, 2006] . The purpose of the present study is to determine the actual connection between J and GR with the measured [H 2 SO 4 ] and [NH 3 ] from the (Figure 1 ). The weather in Ohio is humid, especially in summer. Northeastern Ohio is also known for its haze and gray colored sky in winter. Northeastern Ohio has rich vegetation with numerous large forests (maple-beech-birch) and has many natural lakes. Ohio is also one of the states that currently suffer from air pollution problems, failing to attain the National Ambient Air Quality Standards (NAAQS) for ozone and PM 2.5 (particulate matter smaller than 2.5 mm) (http://www.epa. gov/air/airtrends/pm.html). It is noted that SO 2 emission in Ohio ranks among the top in the nation (http://www.epa. gov/air/sulfurdioxide/) because of the strong SO 2 emission from large size coal-burning power plants in the great lakes area, such as Detroit Monroe Power Plant (Monroe County, Michigan) and Conesville Power Plant (Coshocton, Ohio) ( Figure 1) ; typically, the reported SO 2 concentrations were nearly at the ppbv or tens of ppbv range year around in Akron and Cleveland in recent years.
[9] Because of the combination of its relatively low surface areas of aerosol particles compared to typical EPA supersites (extremely polluted) where most of NPF studies were made previously Stanier et al., 2004] , active vegetation (organic and NH 3 emissions), and possible transport of aerosol precursors from the surrounding urban and industrialized areas, Kent is an ideal location for NPF studies. Ultrafine particles measured in Kent may be formed locally via nucleation processes or transported from nearby urban cities where they are also directly emitted from industrial plumes or fossil fuel combustion and automobile sources. Data from this new measurement site can be also compared with other NPF studies made at different environments, including very polluted EPA supersites (such as Pittsburg, PA and Atlanta, GA) [Kuang et al., 2008; McMurry and Eisele, 2005; Stanier and Solomon, 2006; Verheggen and Mozurkewich, 2002] , can provide new insights into aerosol formation processes.
Instruments 2.2.1. Particle Measurements
[10] Particles were sampled continuously from a near isokinetic, laminar flow aerosol sampling inlet with an electrically grounded stainless steel inlet. Three types of Scanning Mobility Particle Sizer (SMPS) (TSI, St Paul, MN) systems were used. These were butanol-based TSI3085/3776 (in the size range from 3 to 170 nm), TSI3081/3772 (size range: 17-1000 nm) and the water-based TSI3085/3786 (3-102 nm), which together provide a combined size range of 3-1000 nm, the typical atmospheric aerosol size range. During the spring of 2009, all three instruments were operated simultaneously, while two were operated simultaneously during other periods (typical combination of TSI3085/3776 and TSI 3081/3772). On the basis of our sampling inlet dimension, we estimated ultrafine particle losses in the sampling lines (primarily due to diffusion) to be <20%, which would not contribute significantly to the measured particle number concentrations.
[11] By comparing the number concentrations of small particles in the size range from 3 to 25 nm (N 3-25 ) measured with the water-CPC (condensation particle counter) and butanol-CPC, we also tried to indirectly probe the composition of nucleated species. From our previous laboratory studies of H 2 SO 4 -H 2 O BHN, we found that there is a nearly linear relation between particle concentrations measured by water-CPC and butanol-CPC for pure H 2 SO 4 particles in the size range from 3 to 10 nm; water-CPC concentrations are higher than butanol-CPC concentrations for H 2 SO 4 particles, compared to that derived from ambient aerosols . Thus, the ratio of particle concentrations measured with water-and butanol-CPC can be used for indirect analysis of aerosol chemical composition of newly formed particles and provide a further insight into the species involved in growth of these freshly nucleated particles. [Benson et al., 2008; Eisele and Tanner, 1993; Young et al., 2008] . The sampling inlet uses a high flow rate (∼4 L per minute) to minimize wall loss of H 2 SO 4 in the inlet, as adopted from Sjostedt et al. [2007] . To detect H 2 SO 4 , NO 3 − reagent ions are used in the CIMS. Sulfuric acid was measured with the following ion-molecule reaction [Eisele and Tanner, 1993; Viggiano et al., 1982 Viggiano et al., , 1997 : 
Here, [HSO 4
] are ion count rates (Hz) (only relative concentrations of the ions matter), k is the reaction rate constant (2.32 × 10 −9 cm 3 s −1 ) [Viggiano et al., 1997] , and t is the ion-molecule reaction time (typically 0.1 s in this study). The detection limit of H 2 SO 4 -CIMS was ∼2 × 10 5 cm −3 and the uncertainty associated with our ambient measurements was estimated to be ∼60% at maximum. Longer averaging times were used in data analysis to reduce statistical errors and to match the scan duration (e.g., 5 min) of particle measurements. A typical mass spectrum taken from ambient air is shown in Figure 2a .
[13] We note that our H 2 SO 4 -CIMS directly measures ambient gas phase H 2 SO 4 (monomer) concentrations, as opposed to naturally formed neutral or charged H 2 SO 4 clusters. Indirect calibration of H 2 SO 4 can be made with OH radicals on the basis of the following reactions [Eisele and Tanner, 1991; Tanner and Eisele, 1995] :
We have made tests using this method and found that the measured [H 2 SO 4 ] by CIMS are in good agreement with the measured [OH] within the experimental uncertainties [Benson et al., 2008; Young et al., 2008] , which also confirms that the H 2 SO 4 monomers are detected. It is also possible that in the ion molecule reaction region, NO 3 − ions can make clusters, such as NO 3 − ▪(HNO 3 ) m, where m = 1, 2, 3… etc., and NO 3 − ▪(H 2 O) n , and n = 1, 2, 3… etc. Laboratory measurements have showed that these clusters also react with H 2 SO 4 to produce corresponding clusters [Viggiano et al., 1997] :
The reaction rates of reactions (R5) and (R6) are approximately 1.8 × 10
, in a similar range as that of reaction (R1) [Viggiano et al., 1997] . In order to avoid this complexity, collision dissociation chamber (CDC) was used to dissociate these weakly bonded ion clusters via low-energy collisions with N 2 molecules.
NH 3 -CIMS
[14] NH 3 -CIMS is identical to the H 2 SO 4 -CIMS except for the ion-molecule reaction region. Whereas H 2 SO 4 -CIMS operates at atmospheric pressure with negative ion chemistry (reaction (R1)), NH 3 -CIMS operates at low pressure (2670-3330 Pa) with the following positive chemical ionization (CIMS) reaction [Huey, 2007; Nowak et al., 2007] :
where m is an integer less than or equal to n. Primary reagent ions seen in CIMS spectra, in the order of decreasing ion intensity, were protonated ethanol dimer ( Figure 2b ). Only the product ion signal at 64 amu was used for [NH 3 ] calculations, since this was the most prominent ion peak ( Figure 2c ) and gave the best sensitivity. To account for the possible fluctuations in reagent ion signals which were caused by the fluctuation of pressure in the ion-molecule reaction region (<10%), we also monitored these primary reagent ions and normalized them when calculating [NH 3 ].
[15] The sampling inlet was built on the basis of several configurations discussed by Nowak et al. [2006 Nowak et al. [ , 2007 . While for H 2 SO 4 measurements the CIMS sensitivity is the key technical issue, for NH 3 measurements the critical issues are low background signals, reliable calibration (or instrument sensitivity) and fast time response. The NH 3 -CIMS experimental setup is described in detail elsewhere (D. R. Benson et al., Chemical ionization mass spectrometer for ambient ammonia measurements, manuscript in preparation, 2010). Briefly, ambient air was drawn via a 1/4 inch PFA Teflon tube into a three-way valve that either allows ambient air to flow directly into the CIMS (ambient mode) or reroutes it through a scrubber that removes NH 3 from ambient air (background mode) and then to CIMS. The residence time is about 100 ms and 160 ms in the ambient and background mode, respectively. In order to determine the CIMS instrument sensitivity, calibration gases were added to the ambient gases and the difference in ion signal between the calibration and ambient mode was used for the sensitivity estimation. Care was taken to minimize the dead volume in the calibration system and at the optimum condition the time response was estimated to be <10 s. A computer program was used to automatically switch measurements between the background, ambient and calibration mode with a programmed sequence (Figure 2c) .
[16] Ambient [NH 3 ] were calculated from the differences in total product signals taken during the ambient and the consecutive background mode, further multiplied by the average CIMS sensitivity. For the example shown in Figure 2c (29 October 2009), the 64 amu signals during the calibration, ambient, and background mode were approximately 12,700, 11,500 and 10,500 Hz, respectively. Since 200 pptv of standard gas was used, the sensitivity was estimated to be 6 Hz/pptv. In this case, the background and ambient [NH 3 ] were estimated to be 1750 pptv and 170 pptv, respectively. Typically, the detection limit of NH 3 -CIMS was ∼60 pptv and the overall uncertainty associated with the instrument background and the sensitivity was 30 pptv ± 30% (D. R. Benson et al., manuscript in preparation, 2010) .
Weather and Backward Trajectory Data
[17] We measured ambient relative humidity (RH) and temperature using a temperature/humidity sensor (Campbell Scientific CS215). The RH sensors were calibrated and are NIST and National Physical Laboratory (NPL) traceable, and had an accuracy of ±4% over RH from 0 to 100%. Weather data, including wind direction and speed, were also taken from the local weather station [41.15 N, 81.36 
Data Analysis Methods
[18] Aerosol size distributions measured from a nano-DMA (TSI 3085) and a long-DMA (TSI 3081) were merged together into the size range from 3 to 1000 nm. The purpose of using two DMAs was to estimate the condensation sink from the complete aerosol size range. The nano-and long-DMA measurement data were not always identical and there were some differences, for example, 30% for the 3 May 2009 measurement ( Figure 5 ) between the two measurements for the overlapping size range (e.g., 25-100 nm). Since we focused on the nanometer size particles, we took nano-DMA data for the size range from 3 to 102 nm. After this merging, particle number concentrations in various size ranges (e.g., particles in the size range from 3 to 25 nm, N 3-25 , and from 3 to 1000 nm, N total ) were calculated.
[19] Classification of NPF events was made visually on the basis of the shape of aerosol size distributions in a manner similar to Dal Maso et al. [2005] . Events were characterized by a burst of N 3-25 , followed by at least 2 h of persistent particle growth. Aerosol size data was then synchronized with [H 2 SO 4 ], [NH 3 ], weather, and trajectory data. The measurement and meteorological data were averaged over a certain time period (e.g., 30 min typically) and used to calculate other key parameters, such as J (section 3.1), GR (sections 3.1 and 3.2), H 2 SO 4 production rate (Q H2SO4 ) (section 3.3), condensation sink (CS) (section 3.3), and time delay (Dt) between the [H 2 SO 4 ] and N 3-25 diurnal peaks (section 3.3).
Calculation of Particle Nucleation (J) and Growth Rates (GR) With PARGAN Model
[20] To calculate nucleation rates (J) and growth rates (GR) from ambient measurements of aerosol size distributions, we have used an inversion program, Particle Growth and Nucleation (PARGAN) [Verheggen, 2004; Verheggen and Mozurkewich, 2006] . This model has been described in detail elsewhere [Verheggen, 2004; Verheggen and Mozurkewich, 2006] and the PARGAN user interface is available at http://iacweb.ethz.ch/php/pargan/. Briefly, the input of the PARGAN model is the banana-shaped aerosol size distribution data, and the output is GR, on the basis of which J values are further derived (e.g., Figure 6a ). PARGAN derives GR and J values from the measured aerosol size distributions with the inversion method, by assuming that consecutive measurements at the same site are representative of the history of the air mass. This assumption is not specific to PARGAN, as it also applies to other methods to derive GR from the measurements. The nucleation rates are calculated solely on the basis of the aerosol measurements, independent of any nucleation theories or parameterizations. In PARGAN, the particle GR is determined by nonlinear regression analysis of the General Dynamic Equation (GDE) [Friedlander, 2000] that best fits the measured change of aerosol size distributions over time. It does not provide a simulation of concentration time series, as forward modeling does; the observed size distributions are instead used as input for the model. Knowing the GR as a function of time enables the evaluation of the time of nucleation of measured particles of a certain size. J is then obtained by integrating the particle losses from the time of measurement to the time of nucleation. The program includes a full description of aerosol microphysical dynamics (condensation, coagulation, deposition, and dilution), of which several factors can act as fit parameters. Determination of GR PARGAN via regression analysis provides more detailed information on the time evolution of GR than the common method of fitting a curve through the banana-shaped contour plot of consecutive size distributions or taking the time derivative of the modal diameter (GR MODAL ). On the other hand, GR PARGAN is also sensitive to noise or variability in aerosol size measurements, as indicated by the nondistinctive banana-shaped size distributions resulted from air mixing.
Other Methods to Calculate Growth Rates (GR)
[21] In addition to GR PARGAN , we have also used two additional methods to calculate GR, one from H 2 SO 4 condensation (GR H2SO4 ) and another from changes in the measured aerosol modal diameters over time (GR MODAL ). Comparisons of growth rates from these three different methods are discussed in section 5.1.
[22] The approach used to calculate GR H2SO4 was based on the assumption that all particle growth occurs by condensation of H 2 SO 4 and H 2 O in the kinetic condensation regime [Seinfeld and Pandis, 2006] ] eq ), W R is the ratio of the wet H 2 SO 4 particle diameter at a certain RH to that of the dry H 2 SO 4 diameter (e.g., W R = 1.3 at RH = 20%), r is the particle density (1,400 kg m −3 ), and R is universal gas constant (8.314 Joules mol −1 K −1 ), and T is temperature (K). The same or similar method has been used by atmospheric observations [Paasonen et al., 2009; Sihto et al., 2006; Stolzenberg et al., 2005; Verheggen and Mozurkewich, 2002; Weber et al., 1997 Weber et al., , 1998 Young et al., 2008] , modeling simulations [Kerminen and Wexler, 1996; Verheggen and Mozurkewich, 2006] , and laboratory kinetic studies . While the water effects on particle growth are taken into account in equation (2) since W R is dependent on RH, growth by ammonia is not considered here. Recent studies have showed that ammonia does not effectively contribute to aerosol growth [Zhang et al., 2009] , and the condensation of (NH 4 ) 2 SO 4 can be in fact similar to that of H 2 SO 4 [Weber et al., 1998 ].
[23] Another approach was also used to directly calculate GR MODAL from the changes in the measured particle mean diameters (D p ) over the lapse time of the nucleation event [Paasonen et al., 2009; Sihto et al., 2006; Stolzenberg et al., 2005] . GR MODAL obtained by this method reflects the overall effect of various aerosol dynamic processes (i.e., condensation, coagulation, and dilution loss) occurring in that time window. GR MODAL is sensitive to signal, whereas GR PARGAN is sensitive to both signal and noise.
Estimation of Condensation Sink (CS), H 2 SO 4
Production Rate (Q H2SO4 ), and Time Delay (Dt) Between H 2 SO 4 and NPF
[24] Preexisting particles in the atmosphere are the sink of aerosol nucleation, as they provide the surface area for condensation of aerosol precursors and small particles can also coagulate with these particles to be scavenged. The condensation sink (CS), defined as the rate at which condensable vapors condense on existing particles, was calculated on the basis of the following equations [Kulmala et al., 2001a] :
where d p is particle diameter (nm), b m is transition correctional factor (dimensionless) [Fuchs and Sutugin, 1971] , Kn is the Knudsen number (dimensionless), D is diffusion coefficient (D = 0.104 cm 2 s −1 under our typical RH [Hanson and Eisele, 2000] ), l u is the mean free path of the vapor molecules (123 nm), N i is particle number concentration in size bin i, a is the mass accommodation (taken to be unity), and n(d p ) is particle size distribution function.
[25] The production rate of H 2 SO 4 (Q H2SO4 
From equations (7) and (8), we obtain the following relationship:
It is also common that Sihto et al. [2006] to determine the time delay (Dt). The time shift is referred to as the time difference in diurnal trend of aerosol precursors and particle number concentration and is also interpreted as the duration of particle formation, during which critical clusters grow to measurable particle sizes. This Dt was taken into account for performing J = C[H 2 SO 4 ] P fitting, where J is the nucleation rate, C is preexponential factor and P is exponent; P is considered as the number of H 2 SO 4 molecules in the critical cluster (section 4.4). (Table 2) . Among, there were 27 days in which all three measurements were made together. Another 56 days also involved the particle measurements with either H 2 SO 4 or NH 3 (42 days with H 2 SO 4 only and 14 days with NH 3 only). In total, there were 32 NPF days, 27 non-NPF days and 24 undefined days. During the NPF events, the median N 3-25 ranged from 200 to 10,300 cm −3 . The frequency of NPF during this simultaneous measurement period was 66% in spring, 47% in fall, 23% in summer and 22% in winter. In general, this trend measured from August 2008 to November 2009 was in agreement with our long-term particle measurements made from January 2006 to December 2009, which showed the higher frequency during the spring (45%) and fall (31%) and lower frequency during the summer (17%) and winter (6%) (Table 2) (L.-H. Young et al., manuscript in preparation, 2010). These NPF frequencies observed in Kent were also consistent with the observations made in other locations, such as Pittsburgh [Stanier et al., 2004] and Finland [Kulmala et al., 2001b] .
Results

Characteristics and Frequency of NPF in
[27] The distinction between NPF and non-NPF was clear from the plot of particle size distributions (Figures 3a and 3b) , as the NPF events were characterized with a characteristic banana shape (e.g., 4 October 2008 in Figure 3a , as opposed to 27 December 2008 in Figure 3b ). The NPF and non-NPF events were also distinguishable by examining particle number concentrations as a function of particle diameter (D p ). For example, as shown in Figure 3c , on 4 October 2008 (NPF) there were not many particles between 0600 and 0900 LT, but shortly thereafter (1100-1400 LT) the size distributions started to change dramatically with the appearance of large concentration of N 3-25 , indicating that nucleation was taking place. The size distribution during this period (1100-1400 LT) had another smaller mode at ∼60 nm. The nucleation burst was followed by the sustained growth reaching ∼60 nm between 1600 and 1900 LT. In contrast, on 27 December 2008 (non-NPF), the number concentrations and size distributions were nearly constant (except for size range 40-80 nm where there were occasional low concentrations of particles) during 0600-0900, 1100-1400, and 1600-1900 LT.
NPF in Relation to Seasonal and Diurnal Variation of H 2 SO 4 and NH 3
[28] During the NPF days (marked by brown bars on top of Figures 4a-4d) , N 3-25 usually increased between 0900 and 1400 local time and showed a clear diurnal pattern. In general, condensation sink (CS) appeared to be decreasing (suggestive of air mixing) at the onset of nucleation, reaching a minimum point during the peak of N ] showed no clear diurnal pattern, although there were some rapid hourly variations. The daily median mixing ratios were slightly higher in spring (300 pptv) and fall (250 pptv) than in winter (70 pptv). While the relationship between the diurnal patterns of H 2 SO 4 and N 3-25 was clear during the NPF events, this was not the case for NH 3 .
Case Study of Strong NPF: 3 May 2009
[29] We have chosen 3 May 2009 ( Figures 5 and 6 ) to represent a typical NPF day in Kent, as the NPF frequency was highest during the spring. On this day, for the period shortly before 1200 LT when nucleation took place, the RH ranged from 28 to 33% with the temperature ranging from 17 to 19°C (Figure 5a ). The median values of N total , N 3-25 and CS were 10,000 cm −3 , 2000 cm −3 , and 0.011 s −1 , respectively. The particle size distribution displayed a distinctive banana shape (Figure 5b ) and the burst in N 3-25 took place close to 1200 LT coinciding with a sharp decrease in CS (Figure 5c ). Figure 5c also presents results of comparisons of N 3-25 measured by the water-and butanol-CPC. As shown by , these ratios can provide indirect information on the chemical composition of aerosol particles, with respect to the relative amounts of H 2 SO 4 versus organic components. Generally, the water-CPC showed higher N 3-25 than the butanol-CPC by a factor of ∼2. This ratio was fairly constant throughout the day except for the major change in the ratio seen between ∼1000 and 1200 LT when N 3-25 concentrations started to increase dramatically to ∼25. This implies that the freshly nucleated particles initially contained more H 2 SO 4 (ratio ∼25) and the composition likely changed during particle growth (ratio ∼2). H 2 SO 4 had a clear diurnal variation with the median noon time peak concentration of 2.2 × 10 6 cm −3 . On the other hand, [NH 3 ] was in the range from 200 to 400 pptv and had no diurnal variation, although there were rapid hourly variations. (Figure 5d ).
[30] Figure 6a shows the calculation results from PARGAN using the observed aerosol size distribution, where GR and J are plotted as a function of local time. These values of GR PARGAN and J PARGAN were calculated between 1200 and 1250 LT; other times where GR PARGAN were negative owing to inhomogeneous air masses are not shown here. (Figure 6b ). The results of this fitting show J PARGAN = C[H 2 SO 4 ] P , with P = 1.9 and Log C = −11.6. The median GR PARGAN (7.3 nm h −1 ) was comparable to GR MODAL (6.8 nm h
−1
). On the other hand, the median GR H2SO4 calculated by considering H 2 SO 4 as the only condensable species was a factor of 34 lower than GR MODAL (Figure 6c) . No relationship between NH 3 and NPF was also discerned. These results imply that other species, most likely organic compounds, also played a role in the growth of nucleated particles [Smith et al., 2010; Zhang et al., 2009] . This was a calm day (Figure 6d ) and the observed NPF were favored by clear skies (hence higher H 2 SO 4 ) and lower CS. Clean air from the free troposphere may have contributed to the lower CS as shown by hourly back trajectories (Figure 6e ).
J and GR Correlation With [H 2 SO 4 ] and [NH 3 ]
[31] There were a total of 11 NPF days (5 days in spring, 4 days in summer, and 2 days in fall), in which we were able to calculate meaningful values of GR and J with PARGAN ( Figure 7a and Table 3 ). These were days that had the distinctive banana shape in measured aerosol size distributions.
[ ] with the power of 0.6 to 2.3 and the Log C of −15.7 to −2.8 ( Figure 7a and Table 3 ). Figure 7b shows (Figure 7c ).
[33] Although the number of NPF days in which we were able to calculate J from PARGAN were a few, from these limited data we can conclude that the median J PARGAN appeared to be higher during spring (8.8 cm −3 s −1 ) followed by summer (4.1 cm −3 s −1 ) and lowest in late fall (0.8 cm −3 s −1 ) (Table 3) . Also, GR MODAL and GR PARGAN were higher in summer and lower during spring and winter (Figure 7d) . GR MODAL were 6.3-83 times higher than GR H2SO4 (Table 3 and Figure 7d ).
[34] From the observation results taken in Kent, it seems that different factors may have contributed to the low NPF frequency seen during the summer and winter. The low NPF frequency, as well as low nucleation rates and growth rates, observed during the winter were mostly likely due to low [H 2 SO 4 ], usually lower than the threshold [H 2 SO 4 ] for NPF (∼1 × 10 6 cm −3 ). In summer, high temperatures and strong sunlight produce VOCs, and it is possible that some of these VOCs may have suppressed OH concentrations and thus nucleation [Kiendler-Scharr et al., 2009] . On the other hand, the oxidation products of these organic species may (c) The measured particle number concentrations as a function of particle diameter (D p ) averaged over different time periods for these two days. Local times were used in the present study. also be likely responsible for the higher growth rates seen during the summer.
Discussion
Evaluation of GR PARGAN and J PARGAN
[35] An important issue related to NPF studies is how nucleation rates (J) and growth rates (GR) are derived from ambient particle size and number concentrations. Currently available commercial particle instruments usually detect particle sizes starting from 3 nm, above 1-1.5 nm, which is considered as the critical cluster size [Kulmala and Kerminen, 2008] . J values calculated using the measured aerosol number concentrations (thus, apparent nucleation rate) do not take into account condensation and coagulation processes, which occur before critical clusters grow to measurable size (>3 nm). Therefore, indirect methods have been employed to estimate J of 1 nm cluster (J 1 ) from apparent nucleation rates (for example, J 3 which is the nucleation rate derived from particle concentrations in the size range >3 nm). The most commonly used method is based on the time shift (or time delay, Dt) by using the measured aerosol size distribution and by taking into account self-coagulation of small particles and scavenging due to coagulation with large particles [Dal Maso et al., 2005; Fiedler et al., 2005; Kerminen and Wexler, 1996; Kuang et al., 2008; Kulmala et al., 2004; McMurry et al., 2005; Paasonen et al., 2009; Riipinen et al., 2007; Sihto et al., 2006; Stolzenberg et al., 2005; Weber et al., 1996] . In practice, H 2 SO 4 is considered as the aerosol precursor for this kind of time shift calculations, so by default this method also assumes that H 2 SO 4 is the only condensable species for aerosol formation. GR calculated using time delay is highly dependent on how it is calculated and may vary substantially [Sihto et al., 2009] . For this reason, we did not use time delay to calculate GR, and instead used Dt only for correlation analysis between J and [H 2 SO 4 ].
[36] In this study, we employed the independent inversion model Particle Growth and Nucleation (PARGAN) [Verheggen and Mozurkewich, 2006] to determine particle nucleation (J PARGAN ) and growth rates (GR PARGAN ) by taking into account aerosol growth and loss by coagulation, solely based on the measured aerosol size distributions without using the time shift (Dt) or aerosol precursor concentrations (as described also in section 3.1). PARGAN has been used for nucleation rate measurements in smog chamber studies [Metzger et al., 2010; Verheggen and Mozurkewich, 2006] . Since GR MODAL and GR PARGAN are both determined from particle size distributions, we expect their values to be comparable. This is an important point as J PARGAN is derived from GR PARGAN . Of the 11 days where we obtained GR PARGAN , the majority GR PARGAN were within 70% of GR MODAL . The uncertainties in the derived GR PARGAN were about 28% overall. The main difference was due to the high sensitivity of PARGAN to the input data; the sensitivity accounts for both the signal and the noise (e.g., Figure 6a ).
[37] The fact that GR PARGAN values are comparable to GR MODAL (Table 3 and Figure 7d ) and that the GR MODAL to GR H2SO4 ratio was similar to that obtained in other clean environments (Table 1) (Table 3 ). Our Kent observations in terms of [H 2 SO 4 ], J and GR were also very similar to those measured in Boulder, Colorado [Kuang et al., 2008] (Table 1) , both relatively small-size Northern American towns, despite the independent methods employed in the computation of J. In addition, our J PARGAN values were also similar to other independent observations made in the clean boreal forest environment [e.g., Kulmala et al., 2001b Kulmala et al., , 2006 .
[38] Another important parameter related to aerosol formation is the ratio of GR MODAL over GR H2SO4 , as this value is indicative of how much H 2 SO 4 has contributed to aerosol growth. Generally, GR MODAL was ∼6.3-83 times higher than GR H2SO4 (see GR MODAL to GR H2SO4 ratio in Table 3 ), implying that H 2 SO 4 alone cannot explain the measured aerosol growth rates and other condensable species are also was 5-10 [Weber et al., 1997] and at Macquarie Island, Australia where this ratio was 4-17 [Weber et al., 1998] (Table 1) . These common findings also suggest that these additional "yet-unknown" ternary species must be not unique to the location and should exist in different atmospheric conditions.
H 2 SO 4 Effects on Nucleation
[39] Most previous NPF studies have shown that J is proportional to the first or second power of [H 2 SO 4 ]; that is,
P , where P = 1 or 2, and C is a preexponential factor [Kuang et al., 2008; McMurry et al., 2005; Riipinen et al., 2007; Sihto et al., 2006] (Table 1) . These P value can also be interpreted as the number of H 2 SO 4 molecules in the critical clusters on the basis of the classical nucleation theory [Kashchiev, 1982; McGraw and Zhang, 2008] , under the assumption that nucleation takes place in a steady state condition [McGraw and Zhang, 2008] . However, C values were found to vary dramatically, over several orders of magnitude, at different locations and measurement periods, depending on unknown chemical and physical conditions. On the basis of this atmospherically observed relationship of J = C[H 2 SO 4 ] P , two empirical nucleation mechanisms have been proposed. For the case of P = 1, the activation mechanism assumes that nucleation takes place after activation of clusters containing one H 2 SO 4 molecule, with the subsequent growth involving other condensable species [Kulmala et al., 2006] . For the case of P = 2, the kinetics theory assumes that thermodynamically stable clusters are formed through collision of two H 2 SO 4 molecules [McMurry and Friedlander, 1979] . While these theories can successfully explain the relationship between J and [H 2 SO 4 ] found from atmospheric observations, these theories cannot reversely predict the nucleation rates solely from [H 2 SO 4 ], because these unknown C values are difficult to characterize, and cannot be generalized, for different atmospheric conditions, suggesting that possibly the dominant nucleation mechanism(s) may vary with location and time.
[40] In Kent, NPF was almost always preceded by an increase in [H 2 SO 4 ] on a daily basis, with time delay (Dt = 0-2.25 h) between the [H 2 SO 4 ] and N 3-25 peaks, an indication that H 2 SO 4 is an important nucleation precursor. There was no correlation between Dt and [H 2 SO 4 ], implying that other condensable species, besides sulfuric acid, also play a role in aerosol growth from 1 to 3 nm size range. Our Dt values also agree with those found from other observations made in remote environments Weber et al., 1996] . Also, the connection between J and [H 2 SO 4 ] is similar to other ambient observations [Fiedler et al., 2005; Kulmala et al., 2006; Weber et al., 1997] which found the power P = 1-2. On the other hand, recent laboratory experiments showed that at atmospheric pressure, 288 K and 10-55% RH, the threshold [H 2 SO 4 ] needed for unit J value is in the range of 10 8 -10 9 cm −3 and the measured J was proportional to [H 2 SO 4 ] with the second to tenth powers [Benson et al., 2008] . Other laboratory studies, on the other hand, showed that nucleation takes place at lower [H 2 SO 4 ] concentration [Berndt et al., 2005] and with J proportional to [H 2 SO 4 ] to the first to second power [Metzger et al., 2010] (Figure 7c ). This may indicate that NH 3 effects on aerosol nucleation are already saturated at this measured [NH 3 ] (sub-ppbv), as predicted from modeling studies [Merikanto et al., 2007] . It is also possible that NH 3 is involved in nucleation in much more complex unknown ways. While data in Atlanta suggest a positive association between concentration of particles and [NH 3 ] , [NH 3 ] in Atlanta were mostly in the 1 to 10 ppbv range, which is about 1 order of magnitude higher than the values in Kent.
[42] We further investigated the role of NH 3 in NPF in Kent, using the current NH 3 -THN parameterization model [Merikanto et al., 2007] [NH 3 ] were used as input parameters for this parameterization, the model-produced J was negligible, indicating that according to this model nucleation cannot take place under the typical atmospheric conditions shown in this study. While this is the most up-to-date model that was constrained by the laboratory observation data [Ball et al., 1999] 7 cm −3 seen from ambient conditions versus 10 9 cm −3 used in laboratory studies).
Indirect Chemical Information of Newly Formed Particles
[43] Recent studies have suggested that organic compounds can play a role in nucleation and growth of new particles. For example, theoretical calculations and observations [Barsanti et al., 2009; Kurten et al., 2008; Smith et al., 2008 Smith et al., , 2010 have shown that amines may be involved in J is nucleation rate calculated from PARGAN (that is, J PARGAN ), C is preexponential factor, and P is power, for J = C[H aerosol nucleation in the atmosphere. Laboratory studies also showed that aromatic acids may increase nucleation rates similarly to NH 3 [Zhang et al., 2004] and biogenic organic compounds can enhance aerosol growth rates of H 2 SO 4 aerosols [Zhang et al., 2009] .
[44] The ratios of N 3-25 measured by the water-CPC versus the butanol-CPC were low (<2) during the period preceding and after nucleation, compared to the onset of nucleation (>20). This implies that during nucleation, the newly formed tiny particles were mainly made up of H 2 SO 4 , but at the same time other species, likely organic compounds, may also be involved in the growth. This effect of organic compounds in aerosol growth can also be seen from the higher growth rates observed during the summer, when higher concentrations of VOCs from vegetation and their oxidation products are expected owing to warmer temperatures and stronger sunlight.
Conclusions
[45] We have measured aerosol size distributions continuously from January 2006 and H 2 SO 4 and NH 3 with CIMSs seasonally from August 2008 in Kent, Ohio, for the first time. Particle measurements showed that nucleation took place most frequently in spring and fall and least frequently in winter and summer. This seasonal trend is consistent with those seen in various atmospheric conditions [Kulmala et al., 2004] . [H 2 SO 4 ] showed a clear diurnal variation, lowest during the night and highest at noontime. The median value of noontime peak [H 2 SO 4 ] was higher in spring (5.2 × 10 6 cm −3 ) and summer (2.9 × 10 6 cm −3 ) and lower in winter (0.6 × 10 6 cm −3) and fall (0.5 × 10 6 cm −3 ). [NH 3 ] showed no clear daily variation, while it was higher in spring (∼300 pptv) than in winter (∼70 pptv). J obtained in this study was in the range of 0.4-12.9 cm −3 s −1 .
[46] Our measured nucleation mode particle concentrations (N 3-25 ) and [H 2 SO 4 ] showed similarities in their diurnal trends; J PARGAN was also proportional to [H 2 SO 4 ] with a power of 0.6 to 2.3. Indirect chemical analysis of newly formed particles derived from the water-and butanol-CPC measurements also suggest that these newly formed particles contain a large fraction of H 2 SO 4 . These results indicate that H 2 SO 4 is an important aerosol nucleation precursor. While numerous THN simulations have shown that nucleation events in the eastern United States can be explained by NH 3 [Gaydos et al., 2005; Jung et al., 2006 Jung et al., , 2008 Stanier et al., 2004] , our results also show that there is little correlation of J versus [NH 3 ] at the sub-ppbv range. We have also attempted to apply the current NH 3 -THN parameterization [Merikanto et al., 2007] to compare our ambient data but the model predictions did not reproduce observation results of nucleation under the typical measurement conditions. These results imply that the role of NH 3 is not well understood at present and more observations are required to improve the aerosol nucleation theories. The measured GR MODAL and GR PARGAN were both several times higher than the GR H2SO4 values calculated from condensation of H 2 SO 4 , suggesting that other species such as NH 3 and organic compounds are also important for aerosol formation and growth. Furthermore, our GR MODAL were in general highest in summer, while VOC emissions are highest at warm temperatures and with higher photon fluxes.
These results imply that organic compounds can be important for aerosol formation, consistent with recent laboratory findings by Metzger et al. [2010] , Smith et al. [2010] , and Zhang et al. [2009] .
[47] While we have attempted to investigate what aerosol nucleation precursors affect the measured nucleation rates and what nucleation mechanisms dominate in our measurement site, it seems that the multicomponent nucleation process involving organic compounds may be involved in this rural environment, as opposed to the BHN or NH 3 -THN mechanism alone. It is also possible that even at the same location, depending on the time of the year, different nucleation processes contribute to the particle formation. We have not discussed the roles of ions in aerosol nucleation, as we believe that ion clusters can be important in the upper troposphere and lower stratosphere [Lee et al., 2003] but negligible in the boundary layer .
[48] Using an independent approach in a new U.S. continental measurement location which is relatively less polluted than the EPA supersites, we have shown that H 2 SO 4 plays an important role in nucleation. Our results have also shown that the role of NH 3 in NPF appears to be more complicated than currently understood. While we did not observe the correlation of nucleation rates to NH 3 mixing ratios at the sub-ppbv level in our rural measurement site mostly because the NH 3 mixing ratios were nearly constant, we do not rule out the NH 3 effects on aerosol nucleation in other atmospheric conditions. This comprehensive and unique data set of seasonal measurements of H 2 SO 4 , NH 3 and particle size distribution obtained in this new measurement site, together with other NPF studies conducted in different atmospheric environments, can serve as observational basis for testing and improving nucleation theories and further assessing the effects of human-emitted SO 2 and NH 3 on new particle formation and growth.
